INTRODUCTION
============

One of the primary goals of nanotechnology is to create extremely small machines. Two central concerns of machine design center around how the structure of each component contributes to overall function, and how all of the different parts dynamically interact to ensure that the machine operates in an orderly manner. The ribosome can be viewed as a model nanomachine that has been refined for optimal performance over the course of ∼2.5 to 3 billion years of evolutionary selective pressure. It is complex: depending on the kingdom, ribosomes contain three or four distinct ribosomal RNAs (rRNAs) and up to 80 proteins ([@B1]). Its function is to convert a set of input data into functional output, in this case translating genetic information encoded by mRNAs into proteins. This process involves numerous steps, all of which must be coordinated with one another. Within the past few years, technical breakthroughs in X-ray crystallography and cryo-EM have significantly enhanced our understanding of ribosome fine structure \[([@B2]), and reviewed in references ([@B3]) and ([@B4])\]. These have proved to be invaluable guides, providing new views and insights toward the ultimate goal of understanding how ribosome structure determines function. Complementary approaches using combinations of biochemical, biophysical and molecular genetics methods are also being used to shed light on the dynamic processes involved in coordinating the various aspects of ribosome function ([@B5; @B6; @B7; @B8; @B9; @B10; @B11; @B12; @B13; @B14]).

Historically, it was first thought that ribosomal proteins were the central players in ribosome function while rRNA was relegated to a minor, scaffolding function. However, as understanding of the ribosome has progressed, these roles have been almost completely reversed. More recently, ribosomal proteins have become to be appreciated as being more than mere structural glue ([@B15; @B16; @B17; @B18; @B19; @B20]). Examination of the atomic scale data reveals that many of the core ribosomal proteins contain long, nonglobular extensions ([@B21]), giving rise to questions regarding the functional significance of these structures. Ribosomal protein L3 provides an excellent model to address basic questions relating to ribosomal protein structure/function relationships. The high extent of sequence and structure conservation in L3 proteins among all three domains of life attest to its biological significance ([@B22]). L3 is only one of two proteins capable of initiating assembly of *Escherichia coli* large ribosomal subunits *in vitro* ([@B23]), and it is one of the few ribosomal proteins required for peptidyltransferase activity ([@B24]). Molecular genetics and biochemical studies in many organisms have shown that L3 plays an important role in aa-tRNA binding, peptidyltransferase activity, drug resistance, translational frame maintenance, virus replication and as a binding site for a ribosome inhibitory protein ([@B25; @B26; @B27; @B28; @B29; @B30; @B31; @B32; @B33; @B34]). Saturation mutagenesis suggested that L3 may function to transmit information between the Sarcin/Ricin loop (SRL) and the peptidyltransferase center (PTC) ([@B35]). Like many ribosomal proteins, L3 has a globular domain at the cytoplasmic face of the large subunit, and a long extended domain that projects deep into the mostly rRNA core. The eukaryotic and archael L3 proteins are particularly interesting because they contain two such extensions. The universally conserved central extension, also called the tryptophan- or W-finger, projects to the A site side of the PTC, where the tryptophan located at its tip closely approaches the peptidyltransferase center active site ([@B35],[@B36]). In the yeast *Saccharomyces cerevisiae*, mutagenesis of this and nearby amino acids revealed that the W-finger helps synchronize the processes of aa-tRNA accommodation, peptidyltransfer and translocation by functioning as sensor of the tRNA occupancy status of the A site region of the PTC ([@B20]). The focus of the current study is the second extension of L3, which is composed of sequences at the N-terminus of the protein. Complementary molecular genetics, biochemical and rRNA structure probing experiments suggest that this domain functions as a piston, which we hypothesize helps to open and close the first of two 'gates' located along the corridor through which aa-tRNA moves during the process of accommodation, thus controlling aa-tRNA access to the PTC. In combination with our earlier studies on the W-finger, which interacts with the second 'gate', we propose a model in which ribosomal protein L3 may function as a 'rocker switch', coordinating the sequential steps of ternary complex binding, aa-tRNA accommodation, peptidyltransfer and elongation factor 2 binding/translocation.

MATERIALS AND METHODS
=====================

Strains, plasmids, genetic manipulation and media
-------------------------------------------------

*Escherichia coli* DH5α was used to amplify plasmid DNA. Transformation of *E. coli* and yeast, and preparation of yeast growth media (YPAD, synthetic drop out medium, and 4.7 MB plates for testing the Killer phenotype), were as previously reported ([@B37]). Restriction enzymes were obtained from MBI Fermentas (Vilnius, Lithuania). The QuikChange XL II Site-Directed Specific Mutagenesis Kit was obtained from Stratagene (La Jolla, CA). Genewiz (South Plainfield, NJ) performed DNA sequence analysis. Oligonucleotide primers were purchased from IDT (Coralville, IA). The yeast strains used in this study were all derived from the *rpl3*-gene disruption (*rpl3Δ*) strain JD1090 \[*MATα ura3-52 lys2-801 trp1δ leu2^−^ his3 RPL3::HIS3* p*RPL3-URA3-CEN6* (L-A HN M~1~)\] ([@B31]). Mutants of *rpl3* were generated using the wild-type *RPL3* gene in pJD225 ([@B31]), synthetic oligonucleotides and the QuikChange XL II Kit, and standard 'plasmid shuffle' techniques using 5-flouroorotic acid (5-FOA) ([@B38]) were used to generate cells expressing only mutant alleles of *rpl3*. Ten-fold dilution spot assays were performed on rich media alone and on media containing 50 μg/ml of anisomycin, and growth of cells in the presence of drug relative to no drug was used to score for anisomycin resistance.

Characterization of peptidyltransferase activity, tRNA and eEF2 binding studies
-------------------------------------------------------------------------------

Yeast phenylalanyl-tRNAs were aminoacylated with unlabeled phenylalanine or with \[^14^C\]Phe to make Phe-tRNA and \[^14^C\]Phe-tRNA, respectively. \[^14^C\]Phe-tRNA was used to monitor enzymatic binding to the A site of poly(U) primed nonsalt washed ribosomes, and acetylated-\[^14^C\]Phe-tRNA (Ac-\[^14^C\]Phe-tRNA) was generated to monitor nonenzymatic P site binding using poly(U) primed salt washed ribosomes. Phe-tRNA and poly(U) were used in chemical protection experiments. The charged tRNAs were purified by HPLC, and equilibrium binding studies were performed as previously described ([@B20]). The site-specificity of charged tRNA binding was confirmed using the puromycin reaction ([@B39]). Peptidyltransfer assays were performed essentially as previously described ([@B35],[@B40]), 6 × His-tagged eEF2 was purified from TKY675 yeast cells (kindly provided by Dr. T. Kinzy) ([@B41]), and eEF2 binding experiments were performed using salt-washed ribosomes as previously described ([@B20]). *K*~d~ values were determined assuming single binding sites using GraphPad Prism software.

Isolation and chemical probing of mutant ribosomes
--------------------------------------------------

Ribosomes were isolated as described ([@B35]) and were synchronized by puromycin treatment in buffer B~10~ \[20 mM Tris--HCl (pH 7.5), 10 mM magnesium acetate, 1 mM PMSF, 2 mM DTE, 0.5 M KCl, 1 mg/ml heparin and 10% glycerol\] containing 1 mM GTP, 1 mM puromycin and 500 pmol of ribosomes. After incubation for 30 min at 30°C, ribosomes were sedimented through a cushion of buffer B~25~ \[20 mM Tris--HCl (pH 7.5), 10 mM magnesium acetate, 0.1 mM PMSF, 2 mM DTE, 0.5 M KCl, 1 mg/ml heparin and 25% glycerol\] and suspended in buffer C \[50 mM Tris--HCl (pH 7.5), 5 mM magnesium acetate, 50 mM ammonium chloride, 0.1 mM PMSF, 2 mM DTE and 25% glycerol\] at 10 pmol/μl. For structure probing of ribosomes with occupied A sites, ribosomal P sites were blocked with 4 × excess of deacylated tRNA, and A sites were loaded by subsequent incubation with 10-fold excess of Phe-tRNA. Chemical probing with DMS, kethoxal and CMCT, followed by RT primer extension analysis of modified RNAs, was performed as described ([@B42]). Primers (numbered from the first base of yeast 25S rRNA) employed for these analyses were 2957 (5′-AACCTGTCTCACGACGG-3′), 3043 (5′-CCTGATCAGACAGCCGC-3′), 2877 (5′-GGTATGATAGGAAGAGC-3′), 2435 (5′-CCTCTATGTCTCTTCAC-3′), and 2675 (5′-GTTCTACTGGAGATTTCTG-3′).

Computational analysis of ribosome structure
--------------------------------------------

The X-ray crystal structure of the *Haloarcula marismortui* 50S ribosomal subunit (1VQ6) ([@B21]), the cryo-electron microscopy (cryo-EM) reconstruction of *S. cerevisiae* ribosomal proteins threaded onto the X-ray crystal structure of the *H. marismortui* 50S ribosomal subunit (PDB IS1I) ([@B43]), the *Thermus thermophilus* 70S ribosome complexed with two tRNAs at 2.8 Å resolution (PDB 2J01) ([@B44]), the *E. coli* ribosome complexed with three tRNAs at 3.5 Å (2AW4) ([@B45]), a cryo-EM reconstruction of the D. radiodurans ribosome complexed with thiostrepton at 3.3 Å--3.7 Å (2ZJR) ([@B46]), and the *T. thermophilus* 70S ribosome with a model mRNA and tRNAs at 5.5 Å (2HGU) were visualized using PyMOL (DeLano Scientific LLC).

RESULTS
=======

Viability of L3 N-terminal mutants
----------------------------------

As shown in [Figure 1](#F1){ref-type="fig"}A, ribosomal protein L3 has a solvent accessible globular domain, the inner face of which interacts with the base of helix 95 (atop which is located the SRL). It also contains two separate domains that extend deep into the rRNA core of the large subunit. The tryptophan at the tip of the central extension approaches the A site side of the peptidyltransferase center and studies of this extension suggested that it functions as an allosteric switch to coordinate the functions of the ribosomal elongation factor binding site ([@B20]). The N-terminal domain of L3 also extends into the core of the large subunit. A close-up view shows that the L3 N-terminus is nestled in the center of a complex structure formed by Helices 90--92 ([Figure 1](#F1){ref-type="fig"}B). [Supplementary Figure 1](http://nar.oxfordjournals.org/cgi/content/full/gkn642/DC1) shows a multiple sequence alignment of the N-terminal regions of L3 proteins from representative bacterial, archael and eukaryotic species. Examination of this alignment shows that the N-termini of eukaryotic and archael L3 proteins contain an additional ∼50 amino acids as compared to their bacterial counterparts. Mapping of the L3 N-termini to representative high-resolution ribosome structures reveals that these additional amino acids extend the N-terminus out from the globular domain deep into the core of the large subunit where it is nestled in a space between Helices 90 and 92. Interestingly, no analogous mass is present in bacterial ribosomes, but bacterial L27 appears to interact with the 3′ end of the A-site tRNA ([@B44]). The potential significance of this is discussed below. In yeast, although methionine is the first amino acid encoded by the *RPL3* gene, mass spectroscopic analysis of intact ribosomes indicates that this is absent, suggesting that it is post-translationally removed ([@B47]). Thus, in ribosomes the N-terminal amino acid of L3 is a serine. Since this is the second amino acid encoded by the *RPL3* gene, this serine has been designated S2. Similarly, in *H. marismortu*, although methionine is the first amino acid encoded by its *Rpl3* gene, the atomic resolution structure indicates that the N-terminal moiety is a proline ([@B21]). Analysis of the atomic resolution structure shows that the N-terminal amino acid of L3 is within H-bonding distance of the phosphate backbone of a universally conserved large subunit rRNA base that has been implicated in formation of the first of the two 'gates' through which the 3′ end of aa-tRNA passes during the process of accommodation ([@B48]). In *E. coli* this is C2556 (C2591 in *H. marismortui*, and C2924 in yeast). In yeast, the S2T mutant was previously identified in a screen for anisomycin resistance, a competitive inhibitor for aa-tRNA binding to the A site ([@B35]). To follow up on that observation, oligonucleotide site-specific mutagenesis and classic 5-FOA-mediated 'plasmid shuffle' ([@B38]) methods were used to generate a set of S2 substitution mutants in yeast cells covering a broad range of biochemical properties. Specifically, S2 was changed to residues with the following chemical properties of sidechains: aliphatic (G, A); acetic (D, E); basic (K, R); and aromatic (W, F, Y). Three of the mutants (S2T, S2A and S2G) were able to support robust cell growth as the sole forms of L3 ([Figure 1](#F1){ref-type="fig"}C, [Table 1](#T1){ref-type="table"}). Three additional mutants supported weak levels of cell growth (S2W, S2D and S2K), and the remainder were lethal. As discussed below, these findings suggest a strong correlation between viable substitutions of S2 and amino acids preferred for N-terminal acetylation ([@B49]). Figure 1.The N-terminal extension of ribosomal protein L3. **(A)** The globular domain of ribosomal protein L3 (green) abuts the base of helix 95. The elongation factor binding site is at the top of helices 89, 91 and 95, and the aa-tRNA accommodation corridor is between Helices 91 and 89. The peptidyltransferase center (*E. coli* A2451, *H. marismortui* A2484, yeast A2819), lies at the bottom of this corridor and is colored red. The W-finger of L3 extends to under the base of Helix 90, on the A site side of the peptidyltransferase center. The *N*-terminal extension of L3 (denoted as pink spheres) extends into a complex structure formed by Helices 90 and 92. (**B)** Close-up view of the *N*-terminus of L3 nestled between Helices 90 and 92. (**C)** Ten-fold dilution spot assays of mutants in the N-terminal extension of L3. The serine at the *N*-terminus of L3 (S2) was mutated to the indicated amino acids. In iG12, an alanine was inserted between histidine at position 11 and the glycine at position 12. ΔG12 indicates deletion of glycine at position 12. Table 1.Summary of the L3 N-terminal mutantsAniso[^a^](#TF1){ref-type="table-fn"}Growth[^b^](#TF2){ref-type="table-fn"}Killer[^c^](#TF3){ref-type="table-fn"}PTase[^d^](#TF4){ref-type="table-fn"}A-site *K*~d~^e^P-site *K*~d~^f^eEF2 *K*~d~^g^WTs++0.26 ± 0.0278.86 ± 8.656.14 ± 6.1218.73 ± 2.68S2TR+w0.14 ± \>0.0114.91 ± 1.645.36 ± 4.5820.66 ± 2.67S2As+w0.15 ± \>0.0185.14 ± 7.766.32 ± 6.9719.91 ± 3.15S2Gs++S2Ws↓+S2Ds↓↓+S2Kr↓↓↓--0.03 ± \>0.0123.82 ± 3.353.44 ± 8.8620.43 ± 1.74S2RInviableS2EInviableS2FInviableS2YInviableiG12s↓--0.19 ± 0.02434.8 ± 33.1ND10.27 ± 1.59ΔG12Inviable[^1][^2][^3][^4][^5][^6][^7]

Examination of [Figure 1](#F1){ref-type="fig"}A and B suggested that the N-terminal extension of L3 might also have the ability to be 'pushed into' and 'pulled out of' the accommodation corridor, i.e. it may function analogously to a piston. To genetically mimic this, an amino acid could be inserted or deleted from this structure. This strategy was complicated by the fact that the nuclear localization signal of L3 is encoded in its N-terminal 21 amino acids ([@B50]). However, in mapping this region, we had observed that only the glycine at position 12 could be altered without affecting nuclear localization (Dinman lab, unpublished data). Thus, two additional mutants were constructed: one containing an alanine inserted N-terminally to G12 (iG12), and second in which this glycine was removed (ΔG12). iG12 should mimic the piston being pushed into the accommodation corridor, while ΔG12 was expected to mimic retraction of the piston away from this structure. As shown in [Figure 1](#F1){ref-type="fig"}C, the iG12 mutant was viable as the sole form of L3, while ΔG12 was lethal.

Genetic and biochemical studies: the N-terminus of L3 is important for virus propagation, drug resistance, peptidyltransfer and elongation factor binding
---------------------------------------------------------------------------------------------------------------------------------------------------------

L3 mutants have long been associated with defects in the ability of cells to propagate the endogenous 'killer' virus of *S. cerevisiae* ([@B28],[@B31]). To assay this, colonies of cells expressing the viable S2 mutants were replica plated onto a lawn of killer toxin-sensitive cells, and their Killer phenotypes were assayed by scoring for changes in the radii of growth inhibition surrounding the mutants. This experiment revealed that the S2K and iG12 mutants completely abrogated the ability of cells to maintain the killer virus, and that the S2T and S2A mutants produced significantly decreased zones of killer activity ([Figure 2](#F2){ref-type="fig"}A). Peptidyltransferase defects have also been linked to defects in virus propagation ([@B31]). [Figure 2](#F2){ref-type="fig"}B shows a first-order time plot derived from time course data of single cycle peptidyltransferase reactions, from which the observed rates of peptidyltransfer (*K*~obs~) were determined ([Figure 2](#F2){ref-type="fig"}C). All of the killer-defective mutants also promoted decreased peptidyltransferase activity, supporting the relationship between killer virus maintenance and peptidyltransferase activity (summarized in [Table 1](#T1){ref-type="table"}). The very low level of PTase activity by the S2K mutant may also reflect its strong effect on cell viability ([Figure 1](#F1){ref-type="fig"}C). Figure 2.Genetic and biochemical characterization of ribosomes and cells expressing the L3 N-terminal extension mutants. (**A)** Killer virus maintenance profiles of L3 N-terminal mutants. Presence of, and relative amount of intracellular killer virus is indicated by the diameter of the zone of growth inhibition around the indicated colonies. (**B** and **C)** First-order time plots of Ac-\[^14^C\]Phe-puromycin formation were used to calculate observed rates of peptidyltransferase activity (*K*~obs~). **(D)** Anisomycin resistance phenotypes of S2T and S2K mutants. Ten-fold dilutions of cells harboring the indicated *rpl3* alleles were spotted onto complete synthetic medium lacking tryptophan containing anisomycin (50 μg/ml), and were incubated at 30°C for 3 days. (**E)** Single site isothems of eEF-1A stimulated binding of \[^14^C\]Phe-tRNA to A-sites of poly(U) primed ribosomes. (**F)** Binding isotherms of Ac-\[^14^C\]Phe-tRNA to P-sites of poly(U) primed ribosomes. (**G)** eEF2 binding isotherms for wild-type and mutant ribosomes. (**H)** Dissociation constants were calculated from data shown in panels E, F and G. Error bars denote standard deviations. N.D. denotes not determined.

Anisomycin is a competitive inhibitor of aa-tRNA binding ([@B51]), and we previously demonstrated that the S2T mutant was resistant to this drug ([@B35]). Ten-fold dilution spot assays using all of the viable mutants demonstrated that the S2K mutant also conferred anisomycin resistance ([Figure 2](#F2){ref-type="fig"}D). Previous studies have shown a correlation between anisomycin resistance and increased ribosomal affinity for aa-tRNA in the ribosomal A-site but not of acetylated aa-tRNA (Ac-aa-tRNA) in the P-site ([@B20],[@B35]). Equilibrium binding studies using purified ribosomes and tRNAs were performed, and dissociation constants were generated from curves fitted to single site binding models ([Figure 2](#F2){ref-type="fig"}E). Since the A-site binding was enzymatic, i.e. using poly(U) primed nonsalt-washed ribosome preparations containing eEF1A and GTP, the major substrates that were bound in these experiments were a combination composed mostly of the eEF1A•\[^14^C\]Phe-tRNA•GTP ternary complex (TC) and \[^14^C\]Phe-tRNA enzymatically accommodated into the ribosomal A-site (to simplify, this is referred to as aa-tRNA binding for the remainder of the text). As summarized [Figure 2](#F2){ref-type="fig"}H and [Table 1](#T1){ref-type="table"}, the correlation between anisomycin resistance and increased affinity for aa-tRNA in the A-site held true in the current study. In particular, the extent of anisomycin resistance correlated well with the level to which affinity for aa-tRNA was increased in the S2T and S2K mutants (compare [Figure 2](#F2){ref-type="fig"}D and H). In contrast, the iG12 mutant promoted an almost 8-fold increase in the dissociation constant for aa-tRNA (discussed below). None of the mutants conferred appreciable changes in nonenzymatic binding of Ac-aa-tRNA to the P-sites of poly(U) primed salt-washed ribosomes ([Figure 2](#F2){ref-type="fig"}F and H). We also previously showed an inverse correlation between affinities for aa-tRNA and eEF2, which gave rise to an allosteric model of elongation factor recognition by the ribosome ([@B20]). Interestingly, while this pattern was repeated for the iG12 mutant, it did not hold true for the S2T and S2K mutants ([Figure 2](#F2){ref-type="fig"}G and H, [Table 1](#T1){ref-type="table"}).

rRNA structure analysis: effects of the L3 N-terminal mutants on the intrinsic conformational changes in the aa-tRNAaccommodation corridor
------------------------------------------------------------------------------------------------------------------------------------------

Previously, chemical protection methods demonstrated that mutants of tryptophan 255 at the tip of the W-finger promoted an 'open' conformation of the aa-tRNA accommodation corridor, thus implying that this structure is intrinsically conformationally dynamic ([@B20]). To address this, purified ribosomes that were either salt-washed, or nonsalt washed and incubated with aa-tRNA, were treated with the base modifying reagents DMS, CMCT or kethoxal, and the resulting patterns of rRNA base modification were determined by reverse transcriptase primer extension as described in the Materials and methods section. The results of these experiments are shown in [Figure 3](#F3){ref-type="fig"} and summarized in [Figure 4](#F4){ref-type="fig"}. Focusing on analysis of the wild-type ribosomes (lane 1 in [Figure 3](#F3){ref-type="fig"}, and the top two panels in [Figure 4](#F4){ref-type="fig"}), addition of aa-tRNA resulted in significant changes in rRNA conformation along the aa-tRNA accommodation corridor and in the adjacent SRL. As summarized in the top panel of [Figure 4](#F4){ref-type="fig"}, addition of aa-tRNA resulted in increased protection of a large number of bases lying along the accommodation corridor route (indicated by open arrows on the left and gray spheres on the right) with simultaneous deprotection of almost the entire SRL (black arrows and spheres). Analysis of these data suggests that accommodation of aa-tRNA into the ribosome results in movement of the Helix 90--92 structure toward Helix 89 and away from the SRL. The accessibility of rRNA bases in the accommodation corridor in salt-washed ribosomes relative to those loaded with aa-tRNA suggests that prior to addition of aa-tRNA, the accommodation corridor is in 'open' conformation, and that addition of aa-tRNA causes it to close, leaving the SRL more exposed to the exterior solvent. Importantly, G2921 (*E. coli* G2553) became protected from chemical attack after aa-tRNA is loaded into the ribosome. The significance of these changes is discussed below. Figure 3.rRNA structure probing of wild-type and the L3 N-terminal extension mutant ribosomes. Autoradiograms at left are of salt-washed wild-type, S2K, S2T, S2A and iG12 mutant ribosomes, while those at right are of nonsalt-washed ribosomes loaded with aa-tRNA. Ribosomes were unmodified or treated with DMS, CMCT or kethoxal as indicated. Reverse transcriptase primer extension reactions spanned sequences in Helix 89 (top panels), Helices 90--92 (ASL, middle panels) and Helix 95 (SRL, lower panels). Sequencing reactions (left sides of panels) are labeled corresponding to the rRNA sense strand. Bases in wild-type ribosomes loaded with aa-tRNAs that are deprotected from chemical attack relative to salt-washed ribosomes are indicated by black arrowheads. Similarly, those that become protected upon addition of aa-tRNA are indicated by white arrowheads. Bases in mutant ribosomes that are deprotected relative to wild-type are indicated by black circles, and those that are hyperprotected are indicated by white circles. Figure 4.rRNA protection of the S2 mutants mapped onto yeast 25S rRNA and the *H. marismortui/*yeast large subunit structure. (**Top)** Left panel shows yeast 25S rRNA bases whose chemical protection patterns change in the presence of aa-tRNA in wild-type ribosomes. Base numbering follows the *S. cerevisiae* sequence. Black arrows indicate deprotection, and white arrows show hyperprotection in Phe-tRNA containing ribosomes as compared to salt-washed ribosomes. The positions of bases involved in formation of the two aa-tRNA accommodation corridor 'gates' ([@B48]) are indicated, as well as bases that interact with S2 and W255. In the right panel, these bases have been mapped onto the *H. marismortui*/yeast structure. Ribosomal protein L3 is colored green, and L10 is in red. Black and gray spheres indicate deprotected and hyperprotected bases, respectively. Yellow arrow connotes movement of Helix 91--92 structure toward Helix 89 to close the accommodation corridor. (**Center)** Bases of 25S rRNA in the S2 series of mutants whose modification patterns differ from wild-type ribosomes. Left and right panels map changes in salt-washed and aa-tRNA loaded ribosomes. Black and white circles indicate deprotected and hyperprotected bases, respectively. (**Bottom)** Bases of 25S rRNA in the iG12 mutant whose modification patterns differ from wild-type ribosomes. Left and right panels map changes in salt-washed and aa-tRNA loaded ribosomes. Black and white circles indicate deprotected and hyperprotected bases, respectively.

Extension of this analysis to the S2K, S2T, S2A and iG12 mutants revealed some intriguing differences. The data generated from these experiments are shown in [Figure 3](#F3){ref-type="fig"} (lanes 2--5), and are mapped onto the 2D rRNA structures in the central panels of [Figure 4](#F4){ref-type="fig"}. Similar to their effects on aa-tRNA and eEF2 binding, the S2K and S2T mutants conferred similar changes on rRNA structure, while the S2A mutant promoted relatively few affects. The iG12 mutant was in a class by itself. Examination of the S2 mutants reveals two interesting trends. First, C2924 (*E. coli* C2556) was deprotected from chemical attack in all three mutants relative to wild-type ribosomes, irrespective of the presence or absence of aa-tRNA. This base interacts with the N-terminus of L3 in the *H. marismortui* atomic resolution structure ([@B43]), and also forms one of the partners of the first gate in the accommodation corridor ([@B48]). Its deprotection in the S2 mutants suggests that the interaction between these two molecules has been diminished by the mutants. The second salient observation is that regions that tended to change their protection patterns upon addition of aa-tRNA in wild-type ribosomes showed opposing protection patterns in the S2 mutants. For example, the 5′ side of H89 remained relatively deprotected in the salt-washed mutants relative to wild type, and the 3′ side of this structure was protected in the presence of aa-tRNA in the mutants relative to wild-type ribosomes. Interestingly, this is where H89 interacts with the N-terminal 'hook' extension of ribosomal protein L10 (see accompanying manuscript). Similarly, A3021 (*E. coli* A2654) in the SRL was deprotected in the salt-washed ribosomes but did not become even more so upon addition of aa-tRNA. As discussed below, these data suggest that the first gate of the aa-tRNA accommodation corridor is broken in these mutants, resulting in decreased amplitude of movement, and promoting a 'more open than closed' conformation of this structure. Note that the strong modification in the kethoxal lanes between G3008 and A3010 are not G\'s. Additionally, although some unevenness in loading of the CMCT and kethoxal is shown in the upper region of SRL panel of the salt-washed ribosomes, no differences were observed in this region of other gels for these reactions. To err on the conservative side, none of these apparent differences are indicated or modeled here.

Chemical protection analysis of the iG12 mutant revealed a significantly different pattern. In the absence of aa-tRNA, the protection patterns in H89 at its site of interaction with the L10 hook, in the loop between H90 and H92, in the 3′ half of H90 and in the SRL more resemble that of aa-tRNA loaded wild-type ribosomes (see lane 5 of [Figure 3](#F3){ref-type="fig"}, and the bottom left panel of [Figure 4](#F4){ref-type="fig"}). This suggests that the accommodation corridor is intrinsically more 'closed' in the absence of aa-tRNA in this mutant. Conversely however, many of these same bases remained relatively protected upon addition of aa-tRNA, suggesting that this mutant was not able to attain a completely closed conformation ([Figure 4](#F4){ref-type="fig"}, bottom right panel). Two additional base-specific changes in the chemical protection patterns were of note. First, G2921 (*E. coli* G2553) did not become protected from chemical attack after aa-tRNA loading. Second, bases in the vicinity of A2940 (*E. coli* A2572) were relatively deprotected in salt-washed, and hyperprotected in aa-tRNA loaded iG12 relative to wild-type ribosomes. The significance of the former observation with regard to peptidyltransferase center activation, and of the latter with respect to allosteric coordination of ribosome function are discussed below. We also suggest that the inability to close the accommodation corridor may be the underlying reason for the lethality of the ΔG12 mutant.

DISCUSSION
==========

With atomic resolution ribosomes in hand, the major challenge is linking structure to function. Three significant questions in the field are: 'how does the ribosome coordinate the sequential processes of translation elongation'; 'what are the allosteric signals that activate the peptidyltransferase center'; and 'what are the functions of the extended domains of ribosomal proteins?' Recent work from our laboratory demonstrated that the central extended domain, or 'W-finger' of L3 acts as a molecular switch to help coordinate binding of the two elongation factors, leading us to describe L3 as the 'gatekeeper' to the ribosomal A site ([@B20]). The focus of the current study is the second extended domain located at the N-terminus of L3. Here, a combination of molecular genetics, biochemistry, rRNA structure probing and molecular modeling approaches were used to address these questions.

As noted above, the N-terminus of L3 appears to form a hydrogen bond with C2924 (*E. coli* C2556), which in turn is one of the two partners of the first accommodation gate. We suggest the N-terminal extension of L3 may act as a piston to either directly induce or indirectly support conformational changes in this accommodation gate. We further suggest that this interaction is broken in the S2 series of mutants, interfering with its ability to fully open or close, while lengthening it by insertion of an additional amino acid forces the accommodation corridor into more closed conformation. The changes in the vicinity of the other side of the first gate \[around U2860 (*E. coli* U2492)\] and at the second gate \[in the vicinity of C2941 (*E. coli* C2573)\] also suggest that the coordination between the two gates is inhibited by these mutants. Importantly, one of these bases, A2940 (*E. coli* A2572), appears to interact with the W-finger of L3. The deprotection of C2924 (*E. coli* C2556), A2940 and C2941 by the W255C mutation ([@B20]) suggests that both the N-terminal and central extensions of L3 work in concert to coordinate opening and closing of the aa-tRNA accommodation corridor.

Together with the studies on the W-finger domain, we propose a more detailed, mechanical model of L3 functioning as a 'rocker switch' to help coordinate an allosteric signaling pathway between the elongation factor binding site and the peptidyltransferase center. This model is cartooned in [Figure 5](#F5){ref-type="fig"}. Starting with the open conformation ([Figure 5](#F5){ref-type="fig"}, left side), positioning of the N-terminal extension away from the accommodation corridor pulls C2924 (*E. coli* C2556, the Helix 92 gate 1 base) along with it, away from U2861 (*E. coli* U2493, the Helix 89 gate 1 base). This favors closure of the proximal loop in Helix 89 (protecting these bases), and pulls bases along the H90--92 structure away from the corridor, exposing them to solvent (deprotection). The fully open conformation positions Helices 89, 90--92, and 95 to form the binding site for the aa-tRNA•eEF1A•GTP ternary complex, promoting increased affinity for aa-tRNA. We suggest that the 'more open than closed' conformation of the S2T and S2K mutants accounts for their increased affinities for aa-tRNA and anisomycin resistance. Notably, the fewer number of changes in rRNA structure promoted by the S2A mutant suggests a reason for its lack of effect on aa-tRNA binding and anisomycin sensitivity. In the fully open conformation, the W-finger is in the 'extended' conformation, where its tip occupies the A site of the PTC. In this conformation, H256/H259 interact with A2940 of 25S rRNA (*E. coli* A2572, *H. marismortui* U2607). This is mimicked by mutations to W255, which also increase ribosomal affinity for aa-tRNA presumably by inducing the open conformation of accommodation corridor ([@B20]). Figure 5.L3 functions as a 'rocker switch' to coordinate elongation factor binding, aa-tRNA accommodation and PTC activation. (**Left)** Ribosome in ground state with P site occupied by peptidyl-tRNA. L3 W-finger is in the 'extended' conformation, maintaining the A site in the closed conformation. Interaction between H259 of L3 and A2940 (*E. coli* A2572) of 25S rRNA stabilize this state. The L3 N-terminal extension is in the 'retracted' conformation, opening the accommodation corridor. (**Right)** accommodation of aa-tRNA into the A site leads to the following events. (**A)** Opening of A site and retraction of the W-finger, stabilized by interaction between W255 of L3 and A2940 of 25S rRNA. (**B**) Rotation of L3 globular domain. (**C**) Extension of the N-terminal domain toward Helix 89. (**D**) Displacement of Helix 91, and closure of the accommodation corridor. (**E**) Repositioning of the H90/H92 structure and of G2921 (*E. coli* G2553) in the A site, where it can interact with C75 of the aa-tRNA to activate peptidyltransfer ([@B55]). (**F**) Movement of H91 away from H95 results in formation of the eEF2-binding site.

Accommodation of aa-tRNA into the A site displaces the W-finger, repositioning W255 to interact with A2940 (*E. coli* A2572), a state which is favored by mutagenesis of either H256 or H259 to alanine ([@B20]). We propose that this movement is transduced through the globular domain of L3, which in turn pushes the N-terminal extension toward the accommodation corridor. This in turn causes the H90--92 structure to move to close the accommodation corridor (with the resulting changes in protection patterns along this structure) and away from the SRL (resulting in its deprotection). We suggest that this state is somewhat mimicked by the iG12 mutant, although as noted above, this mutant is not able to fully close due to its having broken the coordination between the two gates. The closed state provides the structural basis for eEF2 binding (perhaps by making the SRL available for binding) as evidenced by the increased affinity of iG12 (this study), H259A and H256A ([@B20]) mutants for this elongation factor. In addition, closing of the accommodation corridor conferred protection from chemical attack on the bases in Helix 89 that interact with the N-terminal 'hook' extension of L10. In light of the data presented in the accompanying manuscript (see accompanying paper by Petrov *et al.*), we suggest that this provides a point of information transfer between L3 and L10 in helping to coordinate the different functions performed by the large subunit.

The reciprocal relationship between aa-tRNA and eEF2 binding appeared to be partially decoupled by the S2T and S2K mutants. We suggest that the explanation for this lies in the decreased strength of the interaction between the N-terminal extension and C2924 (*E. coli* C2556). We hypothesize that the resulting 'more open than closed' conformation allows increased affinity for aa-tRNA, but does not stabilize interaction between the loop of H91 and the SRL to the extent that significant inhibition of eEF2 binding was observed. However, this conformation of the accommodation corridor should enhance entry of aa-tRNA into the A site, consistent with the decreased *K*~D~ values for the S2T and S2K mutants for aa-tRNA. As noted previously ([@B20]), the ability of anisomycin to access the A site should not be as sensitive to the conformational status of the accommodation due to its much smaller molecular radius. Thus, in these mutants, the kinetic partitioning ratio between anisomycin and aa-tRNA is lowered, providing an explanation for their drug resistance.

Examination of [Supplementary Figures 1 and 2](http://nar.oxfordjournals.org/cgi/content/full/gkn642/DC1) reveals that only the eukaryotic and archael L3 proteins contain the N-terminal extension, and that no comparable structure exists in bacteria. Why might this be? Although the nuclear location signal is situated in this extension in eukaryotes, the absence of a nucleus in the *Archaea* suggests that the N-terminal extension originated for another reason. One possible explanation may come from the observation that N-terminus of bacterial ribosomal protein L27 extends into the PTC, where it is predicted to interact with the A76 phosphate of the A-site tRNA ([@B44]). Deletion of the N-terminus of L27 resulted in reduced rates of peptidyltransfer and decreased affinity for aa-tRNA ([@B52]). Eukaryotes and *Archaea* do not have a homologous protein. Thus, it is possible that they evolved the N-terminal extension of L3 to fulfill a similar function. A second explanation is suggested by the fact that the therapeutic basis for many antibiotics derives from their specific inhibition of bacterial as opposed to eukaryotic ribosomes ([@B53]). Examples specific to the large subunit include chloramphenicol, many of the macrolides and the streptogramin group of antibiotics ([@B54]). Thus, it is possible that the N-terminal extension of L3 may affect the structure of the A-site to favor aa-tRNA binding over that of antibiotics, and/or better coordinate peptidyltransfer, thus providing *Archaea* and eukaryotes with a selective advantage against small molecule inhibitors of protein synthesis. Experimentally, if addition of an N-terminal extension of L3 could be tolerated by *E. coli*, it would be interesting to note whether this would confer resistance to a class(s) of large-subunit-specific antibiotics. Alternatively, this could also be computationally modeled and subjected to molecular dynamics free energy simulations.

The effects of the iG12 mutant on G2921 (*E. coli* G2553, *H. marismortui* G2588) is of particular interest. It has been proposed that Watson--Crick pairing between this base and C75 of the aa-tRNA is a critical step in positioning of A-site substrate in the induced fit model of peptidyltransfer ([@B55]). Consistent with this model, G2921 became relatively protected when the A-site of wild-type ribosomes was occupied by aa-tRNA ([Figures 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). Importantly, this protection failed to occur in the iG12 mutant. This could account for the strong increase in the *K*~D~ of this mutant for aa-tRNA. Why then did the iG12 mutant have but a small effect on peptidyltransferase activity, even though its growth rate was significantly affected? We suggest that this can be explained by the fact that this parameter was monitored using puromycin instead of aa-tRNA, and that absence of a moiety like C75 on this drug served to minimize the observed effect by iG12 (we predict, that peptidyltransferase activity would be significantly reduced in this mutant if C-puromycin or aa-tRNA was used as substrate). In contrast, G2921 was strongly protected in salt-washed W255C mutant ribosomes, which did promote a very strong peptidyltransferase defect ([@B20]). These structural data suggest that both the N-terminal extension and W-finger L3 mutants may affect the C75-G2921 interaction and thus be indirectly involved in the induced fit mechanism of peptidyltransfer ([@B55]). Alternatively/additionally, changes in local rRNA structure affecting G2921 could cause a shift in the 3′ end of the aa-tRNA, thus misaligning it and promoting the observed defects in peptidyltransfer activity and aa-tRNA binding. Lastly, the defects of these mutants in their ability to maintain the yeast killer virus is consistent with the link between decreased peptidyltransferase activity and virus propagation ([@B31]).

The pattern of viability of the S2 mutants could not be classified by any of the biophysical properties of their amino acid sidechains. Although lethality could be due to defects in the interaction between the N-terminus of L3 and C2924, the observed pattern followed the 'N-end rule' of post-translational modification ([@B56]), suggesting that L3 stability may be the cause. Specifically, there was a strong correlation between amino acid identity at the second residue of the protein (Ser, Ala, Gly and Thr) and amino acids preferred for removal of the N-terminal methionine followed by acetylation in eukaryotes ([@B49],[@B57]). Curiously, this is inconsistent with mass spectroscopic analyses of yeast ribosomes, where there is strong evidence showing that while N-terminal amino acid of L3 is serine, it is not acetylated ([@B47],[@B58],[@B59]) Such processed but unacetylated N-termini were also observed for many other yeast ribosomal proteins. Do these proteins simply bypass the stability requirements for co-translational N-terminal processing and acetylation, or are they initially processed and acetylated during translation, but later deacetylated for ribosome biogenesis? The latter idea is supported by the notion that ribosome assembly may be facilitated by interactions between highly basic, nonstructured extensions on ribosomal proteins and negatively charged rRNA phosphate groups. Acetylation of N-termini could interfere with assembly by reducing positive charges, potentially inhibiting RP--rRNA interactions, and promoting structural motifs in regions of RPs that need to be unstructured in order to assemble with rRNA. Thus, we suggest that although acetylation is required to stabilize RPs in the cytoplasmic compartment of the cell, this chemical modification must be removed for the process of ribosome biogenesis in the nucleolus. This in turn raises the question of the identity of the deacetylase. A prior study showed that mutation or deletion of *RPD3*, better known as a histone deacetylase, and of proteins that target Rpd3p to heterochromatin but not to euchromatin, resulted in phenotypic defects similar to those observed with many L3 mutants ([@B60]). The hypothesis that Rpd3p may also play a critical role in deacetylating ribosomal proteins prior to their incorporation into nascent ribosomes is currently being tested in our laboratory.
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[^1]: ^a^Aniso: s denotes inviable in 50 mg/ml anisomycin; R means highly resistant; r connotes intermediate resistance.

[^2]: ^b^Growth: + denotes wild-type growth phenotype; number of down arrows indicates severity of growth defect.

[^3]: ^c^Killer: + indicates strong killer virus phenotype; w denotes weak killer phenotype; -- signifies unable to maintain the virus.

[^4]: ^d^PTase: peptidyltransferase activity (*K*~obs~ min^−1^).

[^5]: ^e^A-site *K*~d~: dissociation constants (nM) of ribosome substrates for the A-site (Phe-tRNA and eEF1A•Phe-tRNA•GTP); ± denotes standard error.

[^6]: ^f^P-site *K*~d~: dissociation constants (nM) of ribosome substrates for the P-site (Ac-Phe-tRNA (nM); ± denotes standard error.

[^7]: ^g^eEF2 *K*~d~: dissociation constants (nM) of ribosome substrates for eEF2; ± denotes standard error.
